We employ the fully anisotropic DFT+U +J approach with the PBEsol functional to investigate ground-state magnetic and electronic properties of bulk binary manganese oxides: MnO, Mn 3 O 4 , α-Mn 2 O 3 , and β-MnO 2 , in order of increasing Mn valence. The computed crystal structures, noncollinear magnetic ground states, and corresponding electronic structures are in good agreement with the experimental data and hybrid functional calculations available in the literature. We take into account the nonlinear core-valence interaction in our Mn pseudopotential designed by ourselves, as it has been proven to be important for transition-metal systems. Although the Hubbard U term is capable by itself of opening a band gap, the explicitly defined exchange parameter J plays an important role in improving the detailed electronic and noncollinear magnetic structure profiles. Appropriate band gaps are obtained with U values smaller than those used in previously reported calculations. Our results suggest that pseudopotential design together with DFT+U +J enables the acquisition of accurate properties of complex magnetic systems using a nonhybrid density functional.
I. INTRODUCTION
Due to the low cost, low toxicity, and high chemical stability, binary manganese oxides have a wide range of applications, such as catalysis [1] , batteries [2, 3] , functional magnetic and optical materials [4, 5] , and electrocatalytic biosensors [6] . From a theoretical perspective, manganese oxides attract great interest due to their strong electron correlations that give rise to complex physical phenomena, including colossal magnetoresistance, charge and orbital ordering, and noncollinear magnetism. Although manganese oxides have been studied extensively, modeling their ground-state magnetic and electronic properties for different oxidation states within density functional theory (DFT) poses fundamental challenges, due to the inherent limitations in the approximations of the exchange-correlation functional. Improvements to these simulations without resorting to higher-level methods and incurring significant computational costs are therefore desirable for large-scale studies of systems involving strongly correlated materials. Here, we construct a pseudopotential that accounts for nonlinear core-valence interactions, and we apply the fully anisotropic DFT+U +J method. This approach accurately describes the magnetic and electronic properties of bulk manganese oxides with a variety of atomic and magnetic structures and different oxidation states, namely MnO, Mn 3 O 4 , α-Mn 2 O 3 , and β-MnO 2 .
MnO exists in a B1 rock salt structure with Mn 2+ oxidation state [ Fig. 1(a) ]. It undergoes a paramagnetic to type-II antiferromagnetic (AFM-II) transition at T N = 116 K, accompanied by cubic (F m3m) to rhombohedral structural transition [7] . The ground-state magnetic structure AFM-II consists of ferromagnetically aligned planes that are successively antiparallel along the [111] direction. Consequent magnetostriction causes rhombohedral contraction along the [111] below T N , tilting the crystal axes 0.62
• from the cubic directions [8, 9] . MnO is a charge-transfer insulator with a large band gap of 3.6-4.2 eV measured experimentally [10, 11] . The electronic structure has been studied extensively via first-principles methods, including Hartree-Fock [12] [13] [14] [15] [16] [17] , LDA [14, [18] [19] [20] , GGA+U [15] [16] [17] [18] [20] [21] [22] [23] , the GW method [24] , and hybrid functionals [15] [16] [17] 21, 25] .
Mn 3 O 4 exists in a spinel structure (AB 2 O 4 ), with Mn 2+ (Mn A ) occupying the tetrahedral sites (numbered Mn1-2) and Mn 3+ (Mn B ) occupying the octahedral sites (numbered Mn3-6) [ Fig. 1(b) ]. Edge-sharing Mn B O 6 octahedra form chains along a and b. They undergo a cubic (F d3m) to tetragonal (I 4 1 /amd) structural transition at 1443 K [26] due to the Jahn-Teller effect at Mn B sites. Strong lattice frustration leads to a rich magnetostructural phase diagram at low temperatures. At T N = 42 K, the material undergoes paramagnetic to ferrimagnetic transition [27] , adopting a triangular Yafet-Kittel [28] ferrimagnetic (YK-FiM) state [29] [30] [31] . In the YK-FiM structure, Mn A spins are ferromagnetically aligned along b, and Mn B spins are along −b canted toward the ±c direction [32, 33] . Only a few optical measurements have been performed, reporting band gaps of 1.91 eV for bulk polycrystalline [34] , 2.51 eV for thin film [35] , and 2.07 eV for nanoparticles [36] . The electronic structure of the bulk Mn 3 O 4 spinel has not been studied as extensively as MnO. Computational methods including Hartree-Fock [37] , GGA+U , and hybrid functionals [21, 34] have been employed to simulate the electronic structure using only idealized collinear magnetic structures.
α-Mn 2 O 3 has multiple technological applications, such as synthesis substrate for manganite oxide perovskite compounds, starting material for lithium ion battery cathode material LiMnO 2 [38] , and also an environmentally friendly catalyst for water purification [39] and combustion [40] . The material exists in a bixbyite structure with Mn 3+ oxidation state [ Fig. 1(c) transition at T N2 = 25 K [42] [43] [44] [45] [46] . NC magnetic configuration was first proposed assuming the cubic structure [45] but was later found to be incompatible with neutron powder diffraction data [47] . An alternative collinear AFM structure with four magnetic sublattices was proposed by Regulski et al. [47] using the cubic lattice (indicated as AFM1 in this study). However, Cockayne et al. [48] found that magnetic sublattice III of the AFM1 structure is incompatible with the Pcab space group, and thereby proposed another collinear AFM structure using the orthorhombic lattice (indicated as AFM2 in this study), determined independently from both neutron powder diffraction and DFT+U study. Spin canting of 12
• -34
• was found to further improve the fitting of their diffraction data. Only one study reported the optical band gap of 1.2 eV for nanostructures [49] . The electronic structure of the bulk material has not been investigated extensively, other than two GGA+U studies [21, 48] reporting different results for the magnetic ground state. β-MnO 2 is widely used in Li-ion batteries [3, [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] , Li-O 2 batteries [61, 62] , supercapacitors [63] [64] [65] [66] [67] [68] , adsorbents [69] , and catalysts [70, 71] . β-MnO 2 exists in a tetragonal (P 4 2 /mnm) rutile structure with Mn 4+ oxidation state [ Fig. 1(d) ]. It undergoes paramagnetic to screw-type spiral magnetic transition at T N = 92 K [72] , where the spins lie on the ab plane and rotate by 129
• in the next adjacent layer along the c axis for a period of 7 unit cells. Transport measurements suggested a very small band gap at low temperatures [72] , with one study reporting a value of 0.26 eV for epitaxially grown thin films [73] . Computational studies of the bulk material based on idealized MnF 2 -type collinear AFM structure were performed using Hartree-Fock [74] , GGA+U [21, 75, 76] , and hybrid functionals [21, 76] . The spiral noncollinear magnetic structure [77] has only been simulated using a tight-binding method [78] and dynamical mean-field theory [73] .
These manganese oxides exhibit complex magnetic and electronic properties, making them a challenging set to study. Extensive reports on these systems have shown that rigorous theoretical methods are required to describe their properties adequately [21] . Due to the exchange-correlation functional limitations, advanced methods are needed to correctly describe the electronic structure of these strongly correlated magnetic materials. The strong electronic correlation experienced by the localized d electrons leads to unphysical self-interaction of an electron with the potential it generates. Self-interaction artificially raises the energy of the on-site single-particle energies in the Kohn-Sham equations, thereby delocalizing the localized electronic states and leading to inaccuracies in the electronic band structure. The theoretical methods developed to overcome these inherent limitations include DFT + U eff [79] , DFT+U +J [80] [81] [82] , and hybrid functionals [83] . In DFT + U eff , where U eff = U − J , an isotropic screened onsite Coulomb interaction is added:
Here, E Hub is the Hubbard correction to the standard approximate DFT energy functional, I is the atomic site index, σ is the spin index, and n is the occupation matrix. In contrast, Hubbard U and J are defined distinctly in DFT+U +J , leading to a fully anisotropic treatment of the Coulomb and exchange matrices accounting for the full orbital dependence:
where σ min denotes the minority spin. Compared with Eq.
(1), the extra positive J term in Eq. (2) discourages interactions between electrons of antialigned spins on the same site, thereby encouraging magnetic ordering [82] . This fully anisotropic method has proven to describe strongly correlated magnetic systems more accurately [76, 84] . The appropriate U value can enhance or even open up a band gap, and J can determine the noncollinear magnetic ground state, thus refining the electronic structure profile of the system. Additionally, hybrid functionals have been shown to overcome the deficiencies in describing these materials (at higher computational cost) by incorporating a fraction of the exact Hartree-Fock exchange into the exchange-correlation functional. Despite the improvements in results obtained from hybrid functionals, the DFT+U +J approach is nonetheless a computationally much cheaper alternative that is desirable in electronic structure studies involving large-scale systems, such as surfaces, supercells, interfaces, and defects. In this work, we investigate the noncollinear magnetic ground states and the corresponding electronic structures of MnO, Mn 3 O 4 , α-Mn 2 O 3 , and β-MnO 2 using the DFT+U +J method. We show that the ground-state lattice, magnetism, and electronic structure profile can be obtained with accuracy nearing that of literature hybrid functional calculations, through careful pseudopotential design and selection of fully anisotropic U and J values.
II. METHOD AND COMPUTATIONAL DETAILS
The magnetic and electronic structures of the manganese oxides are calculated with first-principles DFT using the PBEsol [85] parametrization of the generalized gradient approximation with on-site Coloumb repulsion and exchange parameters U and J , treated separately and explicitly defined within the rotationally invariant, fully anisotropic scheme (DFT+U +J ) [81, 82] , using the atomic orbital projection scheme [86] as implemented in the QUANTUM ESPRESSO [87] package. It has been demonstrated that the fully anisotropic J parameter plays an important role in describing strongly correlated noncollinear antiferromagnetic systems [76] . We determine the optimal Hubbard U and J values by first testing a range of values reported in the literature and changing the values as necessary, each time observing the effect on the ground-state magnetic and electronic structures and properties. We also employed the linear response method by Cococcioni et al. [88] to determine a range of U values; however, the values obtained by this method were too high (>7 eV) for accurate electronic structure profiles. The calculations account for spin-polarized electronic densities by treating the Mn magnetic moments as noncollinear for all systems. All atoms are represented by norm-conserving, optimized [89] , designed nonlocal [90] pseudopotentials generated with the OPIUM package [91], treating the 2s and 2p of O and 3s, 3p, 3d, 4s, and 4p of Mn as valence states. In addition to the treatment of semicore states as valence by this Mn pseudopotential, nonlinear core-valence interaction via the partial core correction scheme [92] [93] [94] is incorporated to account for the non-negligible overlap between the core and the valence states. All calculations are run with a 70 Ry plane-wave energy cutoff to ensure accuracy for small relative energies among different magnetic configurations. The Brillouin zone is sampled using Monkhorst-Pack [95] k-point meshes of dimensions 6 × 6 × 6, 8 × 8 × 8, 4 × 4 × 4, and 6 × 6 × 6 for MnO, Mn 3 O 4 , α-Mn 2 O 3 , and β-MnO 2 , respectively. A 12 × 12 × 12 k-point grid is used for post-processing the electronic structure calculations for all four systems. All relaxations starting from the experimental crystal structures are performed without U and J , as relaxation with U leads to overestimated lattices and bond lengths [21] . The magnetic and electronic structures of the optimized crystal structures are then refined with U and J .
III. RESULTS AND DISCUSSION
Throughout this section, our results on the ground-state structural, magnetic, and electronic properties of the four manganese oxide systems are discussed in detail with respect to the computational parameters employed and in comparison with previously published data. Table I provides an overview of the results for each manganese oxide system from both experimental and computational studies, including DFT+U (+J ) and hybrid functional studies from the literature, in comparison to our PBEsol+U +J study.
A. MnO
Crystal structure relaxations with various imposed magnetic orders, antiferromagnetic (AFM-II, A-AFM, C-AFM) and ferromagnetic (FM), reveal the AFM-II structure as the magnetic ground state (Table II) . The lattice constant, a = 4.40Å, is 0.68% smaller than the literature value of 4.43Å [96] . PBEsol therefore yields structural properties that are in good agreement with the experimental values. Other AFM orders result in c < a, inconsistent with experimental data, while FM order produces a severely contracted lattice structure.
Electronic structure calculation without U and J shows an underestimated band gap of 1.16 eV, consistent with previous GGA studies [15] [16] [17] [18] 20, 23] . Applying U = 4 eV increases the band gap to 3.32 eV; this value is higher compared to other DFT + U eff . For example, Franchini et al. [16] obtained a band gap of 2.03 eV with U = 6 eV; they were able to increase the band gap to 3 eV only by increasing the U value up to 15 eV. Since our calculation requires much lower U value to achieve a more reasonable band gap, it suggests enhanced performance of our designed pseudopotential.
Despite moving the band gap closer to the experimental value, the electronic structure profile is compromised by U when compared with those reported by hybrid functional calculations [15] [16] [17] 21, 25] , as U shifts the energies of the valence and conduction bands further apart. Previous GW studies reported that large values of U reorder the bands when compared to the GW quasiparticle band structures [24, 101] . We find that applying an anisotropic J = 1.2 eV enhances the profile significantly, but it reduces the band gap to 2.81 eV [ Fig. 2(a) ]. Explicitly defined Hubbard J takes into account the full symmetry of d-d interactions, thereby providing a better description of orbital spin polarizations [76] . In our orbitalprojected density of states (DOS), the highest-energy valence band shows strong mixing of O 2p and Mn e g states enhanced by U , whereas the lowest-energy conduction band primarily consists of Mn t 2g states. Together with the calculated magnetic moment of 4.56 μ B , in good agreement with the experimental value of 4.58 μ B [97] , our electronic structure predicts MnO as a high-spin insulator of intermediate Mott-Hubbard/chargetransfer character, consistent with results from previous highlevel computational studies [12, [15] [16] [17] 25] .
B. Mn 3 O 4
We determine the ground-state magnetic structure of Mn 3 O 4 to be the experimentally reported YK-FiM structure. This noncollinear structure is 152 meV lower in energy than the lowest collinear structure. The YK-FiM structure has not been computed before; therefore, we start by comparing our results with previous calculations on idealized collinear structures. We compute the six idealized collinear FiM configurations (FiM1-6), in addition to the FM order, as first specified in the HartreeFock study of Chartier et al. [37] . Six Mn atoms of the unit cell are numbered as shown in Fig. 1(b) , where two Mn A are Mn1-2, two Mn B along b are Mn3-4, and two Mn B along a are Mn5-6. Crystal structure relaxation with the six imposed FiM orders shows FiM6 (↑↓↑↓↑↓) as the lowest-energy structure when the spins are held collinear. In FiM6 order, all spins are antiferromagnetic to all their neighbors, which is consistent with the experimental measurements reporting the exchange interaction constants to be antiferromagnetic [31, 102, 103] . However, the net magnetic moment is zero in FiM6, which is inconsistent with the experimentally observed net magnetic 165151-3 We find that applying U = 4 eV and J = 1.2 eV to the relaxed structures lowers the energy of the FiM4 structure, making it the lowest-energy collinear magnetic state (Table III) . However, once the spins are allowed to be noncollinear, the YK-FiM structure is the most energetically favorable. The lattice constants obtained with FiM4 order are 35Å reported by neutron diffraction study of a single-crystal sample [33] . In contrast to our results, previous computational studies reported FiM3 (↑↑↓↓↑↑) [21] and FiM6 (↑↓↑↓↑↓) [34, 37] as the magnetic ground state. FiM3 order describes intrachain B-B interactions to be ferromagnetic, which is inconsistent with the experimental observations of the interaction to be strongly antiferromagnetic [31, 102, 103, 105] . To justify FiM4 (↑↑↑↓↑↓) as the idealized collinear magnetic ground state, we calculated four exchange interaction constants: J AA , J AB , J BBsr , and J BBlr , where the last two values represent intrachain (short-range) and interchain (long-range) B-B interactions, respectively. We map the energies of the six FiM structures, relative to that of the FM structure, to a Heisenberg Hamiltonian, as described in Ref. [37] . The noncollinear magnetic ground state shows an exotic spin pattern, illustrated in Fig. 3 that is related by mirror symmetry for different bilayers of the system [Figs. 3(c) and 3(d) ]. Calculating the electronic structure of the YK-FiM ground state with U = 4 eV and J = 1.2 eV yields a band gap of 1.01 eV [ Fig. 2(b) ]. This opening of a gap is remarkable when compared with the PBE+U study of Franchini et al. [21] , where only halfmetallic states with gaps of 0.3-0.5 eV were obtained with U = 3-6 eV for FiM3 order. Since our noncollinear magnetic ground state is the experimentally reported structure, YK-FiM, rather than FiM3 [21] or FiM6 [34, 37] , the electronic structure profile cannot be directly compared with those reported by the previous computational studies. However, several features are in agreement. The valence band consists of widely spread Mn 3d states with a large mixing of O 2p states. The conduction band mostly consists of Mn B 3d states, with a characteristic splitting of ≈0.21 eV, which was also reported by Hirai et al. [34] as well. The calculated magnetic moments are 4.49, 3.74, and 3.69 μ B for the spins of Mn A , Mn B along b, and Mn B along a, respectively, in good agreement with the experimental values of 4.34, 3.64, and 3.25 μ B reported by neutron diffraction study of a single-crystal sample [33] . The splitting of the Mn B magnetic moment was also observed by a 55 Mn NMR study [106] . Our study predicts Mn 3 O 4 as an insulator with the YK-FiM ground state, in agreement with the experimental reports.
C. α-Mn 2 O 3
We compute the magnetic and electronic structures of α-Mn 2 O 3 using the AFM orderings proposed by Regulski et al. [47] (AFM1) and Cockayne et al. [48] (AFM2) while allowing spin noncollinearity. Cockayne et al. [48] determined the NC-AFM2 order to be the magnetic ground state [Figs. 4(a) and 4(b)], independently from neutron powder diffraction and PBEsol+U +J study in concurrence with a cluster-expansion model, suggesting that the ground-state magnetic structure of α-Mn 2 O 3 has largely been solved. In agreement with this observation, our structural, electronic, and magnetic relaxations with each candidate magnetic order confirm the NC-AFM2 structure as the magnetic ground state [ Fig. 4(a) ]. Applying U = 2.8 eV and J = 1.2 eV further stabilizes the NC-AFM2 structure (Table IV) • -23
• , as shown in Table V , in general agreement with the experimental work, where the spins deviate in a range of 12
• −34
• . More importantly, our computed electronic structure shows a band gap of 0.081 eV [ Fig. 4(b) ]. Although our results are consistent with the experimental and theoretical work presented by Cockayne et al. [48] , they are in disagreement with the results reported by Franchini et al. [21] , where both PBE+U and hybrid functional calculations, HSE and PBE0, yielded the FM ground state. This disagreement suggests that those levels of theory incorrectly predict the ground state of this complex magnetic system and that a noncollinear description of this system is needed. As for the lattice structure, relaxation with the AFM2 order yields a = 9.382Å, b = 9.444Å, and c = 9.376Å, in good agreement with the experimental values of a = 9.408Å, b = 9.449Å, and c = 9.374Å [48] .
Calculating the electronic structure of the NC-AFM2 order with U = 2.8 eV and J = 1.2 eV yields an insulating state with a gap of 0.081 eV [ Fig. 2(c) ], with the projected DOS profile in good agreement with that reported by Cockayne et al. [48] . The calculated magnetic moments, shown in Table V , are in general agreement with the experimental values of Cockayne et al. [48] , which vary from 2.6-4.0 μ B . Within the framework of DFT+U +J , our study predicts α-Mn 2 O 3 as an insulator with the NC-AFM2 ground state, in agreement with the experimental observations. Achieving accurate magnetic properties with our computational setup is a significant leap forward to understanding these complex magnetic systems.
D. β-MnO 2
To compute the magnetic structure of β-MnO 2 , we use the screw-type spiral order, in addition to the AFM and FM orders that previous computational studies have employed [21, [74] [75] [76] . Crystal and magnetic structure relaxations yield the spiral structure as the magnetic ground state (Table VI) . The lattice constants, a = 4.402Å and c = 2.880Å, are in excellent agreement with the experimental values of a = 4.404Å and c = 2.877Å [108, 109] . The spiral structure (Fig. 5) consists of spins on the ab plane rotating by 129
• across each layer along the c axis. A total of seven unit cells (14 layers) are needed for a complete magnetic spiral period (5 spin revolutions).
Calculating the electronic structure of the spiral order with U = 2.8 eV and J = 1.2 eV yields an insulating state with a gap of 0.25 eV [ Fig. 2(d) 0.27 eV reported by the PBEsol+U +J study [75] and 0.26 eV reported by optical measurements of a thin-film sample [73] . Similar to Mn 3 O 4 , the opening of a gap is remarkable when compared with PBE+U study of Franchini et al. [21] , where only metallic states were obtained with U values up to 6 eV. TABLE IV. Relaxed lattice constants of α-Mn 2 O 3 with various imposed magnetic orders, in addition to relative energies per formula unit obtained with U = 2.8 eV and J = 1.2 eV. Experimental lattice constants are a = 9.407Å, b = 9.447Å, and c = 9.366Å [41] with the NC-AFM2 ground state [48] .
Magnetism
Lattice constants (Å) Relative E (meV/f.u.)
NC-AFM2 a = 9.382, b = 9.444, c = 9.376 0 NC-AFM1 a = 9.410, b = 9.387, c = 9.399 4.1 FM a = 9.438 50
The projected DOS profile is also in excellent agreement with that reported by hybrid functional calculations of Franchini et al. [21] . In accordance with the Mn 4+ oxidation state and the octahedral crystal-field splitting, the valence band shows a [100] . Our electronic structure accurately predicts β-MnO 2 as an insulator with the spiral magnetic ground state.
IV. SUMMARY AND CONCLUSIONS
Our computational study of manganese oxides, using the fully anisotropic PBEsol+U +J approach, yields ground-state structural, magnetic, and electronic properties of quality and accuracy that are comparable to previously reported hybrid functional and experimental studies. We show that the limitations of conventional DFT regarding the magnetic and electronic structures of insulating transition metal oxides can be improved by pseudopotential design and careful selection of fully anisotropic U and J values. • from each layer. The darker the spin, the closer it is to the viewer.
used by previous GGA+U studies, while reproducing the electronic structure profiles in good agreement with those reported by previous hybrid functional studies. Our results overall suggest the enhanced performance of our designed pseudopotential with semicore and partial core correction, thereby offering a promising potential of the DFT+U +J approach for electronic structure studies involving other strongly correlated, complex magnetic systems with accuracy nearing that of more computationally expensive methods such as hybrid functionals.
